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Hepatitis C virus (HCV) envelope glycoproteins are highly glycosylated, with up to 5 and 11 N-linked glycans
on E1 and E2, respectively. Most of the glycosylation sites on HCV envelope glycoproteins are conserved, and
some of the glycans associated with these proteins have been shown to play an essential role in protein folding
and HCV entry. Such a high level of glycosylation suggests that these glycans can limit the immunogenicity of
HCYV envelope proteins and restrict the binding of some antibodies to their epitopes. Here, we investigated
whether these glycans can modulate the neutralizing activity of anti-HCV antibodies. HCV pseudoparticles
(HCVpp) bearing wild-type glycoproteins or mutants at individual glycosylation sites were evaluated for their
sensitivity to neutralization by antibodies from the sera of infected patients and anti-E2 monoclonal antibodies.
While we did not find any evidence that N-linked glycans of E1 contribute to the masking of neutralizing
epitopes, our data demonstrate that at least three glycans on E2 (denoted E2N1, E2N6, and E2N11) reduce the
sensitivity of HCVpp to antibody neutralization. Importantly, these three glycans also reduced the access of
CD81 to its E2 binding site, as shown by using a soluble form of the extracellular loop of CD81 in inhibition
of entry. These data suggest that glycans E2N1, E2N6, and E2N11 are close to the binding site of CD81 and
modulate both CD81 and neutralizing antibody binding to E2. In conclusion, this work indicates that HCV

glycans contribute to the evasion of HCV from the humoral immune response.

More than 170 million people worldwide are seropositive for
hepatitis C virus (HCV) (65). Despite induction of effective
immune responses, 80% of HCV-infected individuals progress
from acute to chronic hepatitis, which can lead to cirrhosis and
hepatocellular carcinoma (42). Escape strategies may be oper-
ating for both the innate and the adaptive immune systems, but
the exact mechanisms whereby HCV establishes and maintains
its persistence have not yet been determined (59). It is known
that an immune response composed of both cellular (CD4™*
and CD8" T cells) and humoral (antibodies produced by B
cells) immune responses is present during acute and chronic
infections (40). Typically, HCV infection results in production
of antibodies to various HCV proteins in the majority of chron-
ically infected people. Moreover, neutralizing antibodies have
been detected in sera of HCV-infected patients (2, 3, 19, 39,
41, 44, 69), but the role of these antibodies in host protection
has been questioned since reinfection in both humans and
chimpanzees has been described (18, 38). Investigations of
HCV-neutralizing antibodies have long been hampered by dif-
ficulties in propagating HCV in cell culture, but the recent
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development of HCV pseudoparticles (HCVpp) (3, 15, 31),
consisting of the native HCV envelope glycoproteins, E1 and
E2, assembled onto retroviral core particles, offered new op-
portunities in this field (2, 3, 31, 39, 41, 44, 52, 69).

The ability of HCV to persist in its host in the presence of
neutralizing antibodies remains unexplained. Several mecha-
nisms by which HCV could evade the host humoral immune
response have been proposed. It is suggested that the high
variability of its genomic RNA represents a first escape strat-
egy. Typically, the presence of different but closely related viral
variants within the same individual, commonly defined as quasi-
species, may allow the virus to circumvent the immune re-
sponse (6, 26, 32, 59, 63). In particular, the infection outcome
in humans was predicted by sequence changes in hypervariable
region 1 (HVR1) of the E2 envelope glycoprotein, a major
target for the antibody response (20). Furthermore, high-den-
sity lipoproteins have recently been shown to attenuate the
neutralization of HCVpp by antibodies from HCV-infected
patients by accelerating HCV entry (4, 13, 62).

The HCV envelope glycoproteins E1 and E2, present at the
surface of the viral particles, are the potential targets of neu-
tralizing antibodies (48). These glycoproteins form a het-
erodimer which interacts with (co)receptors on target cells
(10). The CDS81 tetraspanin is the best-characterized entry
factor for HCV. Indeed, it interacts with HCV glycoprotein E2
(54), and HCVpp show a restricted tropism for human hepatic
cell lines expressing CD81 (5, 12, 31). Furthermore, anti-CD81
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monoclonal antibodies (MAbs), as well as a recombinant sol-
uble form of the large extracellular loop of CD81, inhibit HCV
entry (for a review, see reference 10). Interestingly, the lectin
cyanovirin-N binds to glycans on HCV particles and inhibits
virus entry by blocking the interaction between E2 and CDS1
(29). Based on studies with blocking MAbs or E2 deletion
mutants, several regions of E2 have been proposed to be crit-
ical for CD81 binding (for a review, see reference 10). Recent
analyses using mutagenesis in the context of HCVpp have
provided more-accurate data on the specific residues involved
in contacts with CD81 (14, 49). This allowed the identification
of at least three discontinuous sequence segments (see Fig. 1).
In addition, one cannot exclude the involvement of additional
residues in another region of E2 (56).

The ectodomains of HCV envelope glycoproteins are highly
glycosylated. Indeed, 4 or 5 potential glycosylation sites on E1
and up to 11 sites on E2 are modified by N-linked glycosylation
(24, 25). Some of these glycans have been shown to play an
essential role in protein folding and/or HCV entry (9, 24).
Furthermore, the high level of glycosylation suggests that these
glycans may also modulate the immunogenicity of HCV enve-
lope glycoproteins and restrict the binding of certain antibod-
ies to their epitopes on the virion surface, as observed for
human immunodeficiency virus (HIV) (53, 66, 67). In this
report, we sought to determine whether glycans present on
HCV envelope glycoproteins allow the virus to escape recog-
nition by host neutralizing antibodies. Our data suggest a pro-
tective role for HCV envelope proteins glycans against anti-
body-dependent neutralization. Indeed, specific E2 glycans
contribute to reduce the sensitivity of HCVpp to antibody
neutralization. Importantly, these glycans also reduced the ac-
cess of CDS81 to its E2 binding site, as shown by using a soluble
form of the extracellular loop of CDS8]1 in testing for inhibition
of entry. These data suggest that these glycans are close to the
binding site of CD81 and modulate both CD81 and neutraliz-
ing antibody binding to E2.

MATERIALS AND METHODS

Cell culture. 293T human embryo kidney cells (HEK293T) and Huh-7 human
hepatoma cells (45) were grown in Dulbecco’s modified essential medium (In-
vitrogen) supplemented with 10% fetal bovine serum.

Antibodies and reagents. Anti-HCV MAbs A4 (anti-E1) (16); 9/27, 3/11, and
1/39 (anti-E2) (22); and H48 and H54 (anti-E2) (48) and anti-murine leukemia
virus capsid (anti-CA; ATCC CRL1912) were produced in vitro by using a
MiniPerm apparatus (Heraeus) as recommended by the manufacturer. Anti-E2
human MAbs CBH-5 and CBH-7 have been described previously (27). MAb 3C7
was kindly provided by M. Mondelli (IRCCS Policlinico San Matteo, Pavia, Italy)
(8). The soluble recombinant form of the CD81 large extracellular loop (CD81-
LEL) was produced as a glutathione S-transferase fusion protein as described
previously (30). Purified cyanovirin-N was kindly provided by K. Gustafson
(National Institutes of Health, National Cancer Institute, Frederick, MD) (29).

Serum samples. Sera of 25 HCV-positive patients chronically infected with
genotype la HCV were selected for this study (Table 1 and data not shown).
HCV RNA was detected and quantified using HCV RNA Amplicor Monitor
tests (Roche Diagnostic Systems, Inc., Branchburg, NJ), and results were re-
ported in log,, of international units per ml. Determination of HCV genotypes
was obtained using the InnoLIPA HCV 2.0 test (Bayer Diagnostics, Emeryville,
CA) and confirmed by sequence analysis. Serum samples were used for E1E2
sequencing and antibody purification. Sera of 10 HCV-negative individuals were
used as negative controls. Total antibodies were purified using the NAb protein
G spin purification kit (Pierce, Rockford, IL).

Study of the conservation of potential glycosylation sites. HCV E1 and E2
sequences available from the European HCV database (euHCVdb; http:
/leuhcevdb.ibep.fr) (11), which contains all HCV sequences deposited in public
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TABLE 1. Patients of the study (genotype 1a)

Patient RNA level (log,) ECs (pg/ml) Accession no.”
1 5.94 5 EF207585
2 1.6-2.8 20 EF207586
3 4.96 20 EF207587
4 3.23 15 EF207588
5 6.80 4 EF207589
6 2.95 5 EF207590
7 6.56 9 EF207591
8 4.88 10 EF207592
9 5.29 15 EF207593
10 3.23 1 EF207594
11 5.66 10 EF207595
12 6.14 5 EF207596
13 7.11 10 EF207597
14 6.39 5 EF207598
15 1.6-2.8 8 EF207599
16 6.10 14 EF207600
17 1.6-2.8 10 EF207601
18 4.94 30 EF207602
19 5.98 15 EF207603

“ Accession numbers of E1E2 sequences of HCV isolates.

databases, were collected and aligned with ClustalW software (60) using website
facilities available at the Institut de Biologie et Chimie des Protéines. The
repertoire of residues at each amino acid position and their frequencies observed
in natural sequence variants were computed by using a program developed at the
Institut de Biologie et Chimie des Protéines (F. Dorkeld, C. Combet, F. Penin,
and G. Deleage, unpublished data). The consensus sequence for N-linked gly-
cosylation is defined as Asn-X-Ser/Thr-X, where X is any amino acid except Pro
(36), and we looked for the presence or absence of this consensus sequence for
all HCV E1 and E2 sequences. We retrieved 1,393 sequences for E1 and 451 for
E2 from the genotypes represented in the database. The positions of the glyco-
sylation sites are indicated by a number corresponding to the positions in the
polyprotein of reference strain H (EMBL access number AF 009606) (37). The
glycosylation sites of genotype 1la HCV El and E2 that are glycosylated are
named with an N followed by a number related to the position of the glycosyl-
ation site (e.g., N1, N2, etc.; see Fig. 1).

Amplification and sequencing of E1 and E2 genes. RNA was extracted from
140 pl serum using the QIAmp viral RNA minikit (QIAGEN). Ten microliters
of the RNA was used for reverse transcription using SuperScript II RNase H
reverse transcriptase (Invitrogen) with a specific primer (p7/HCV/AS, 5" GGG
RACCCACACKTGCA 3'; nucleotides 2927 to 2911). The cDNA obtained was
used to amplify different fragments with Platinum Taq high-fidelity DNA poly-
merase (Invitrogen). Two methods were alternatively performed: (i) a PCR
amplifying the E1-E2 gene region from nucleotide 879 to 2927, followed if
necessary by two heminested PCRs amplifying fragments from nucleotides 879 to
1484 and 1290 to 2927, respectively, or (ii) one PCR amplifying the E1 gene
region from nucleotide 895 to 1484 and one PCR amplifying the E2 gene region
from nucleotide 1290 to 2612. Outer primers for E1-E2 gene PCR were N753 (5’
GCCCTGCTCTCTTGCCTGA 3') and p7/HCV/AS. Inner primers were N753
and N754 (5" GACGCCGGCAAATAACAGC 3') and HV1 (5" CGCATGGC
TTGGGATATGATGAT 3’) and p7/HCV/AS. Primers for the E1 PCR were
S895 (5" TGACTGTGCCCGCTTCAGCCT 3') and N754. Primers for the E2
PCR were HV1 and A2612 (5" TGCTGCATTGAGTATTACGA 3').

Direct sequencing of each strand of the PCR products was then performed
after purification, using the cycle sequencing method with the Applied Biosys-
tems BigDye Terminator v1.1 kit, according to the manufacturer’s instructions.
Sequences obtained were purified and read by the ABI PRISM 310 genetic
analyzer (Applied Biosystems). Sequencing primers were the following: N753,
S895, HV1, A1327 (5" GTAGGGGACCAGTTCATCATCA 3'), N754, S1788
(5" CGCCCCTAYTGCTGGCACTAC 3'), N490 (5" AAGGACGAAGACATC
CCGT 3'), A2320 (5" GACCTGTCCCTGTCTTCCAGA 3'), A2612, and p7/
HCV/AS. Nucleotide positions are numbered according to the H77 sequence,
and the E1E2 genes are within positions 915 to 2579. Electropherograms were
interpreted using the Sequence Navigator and AutoAssembler 2.1 software (Ap-
plied Biosystems). Multiple nucleotide and amino acid sequence alignments
were carried out with Clustal X software.
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TABLE 2. Percent conservation of the potential glycosylation sites
in HCV envelope protein E1 in the most represented genotypes

% Conservation at site:

Genotype “
196 (N1) 209 (N2) 234 (N3) 250 299 305 (N4)
1 1,119 98.2 98.7 97.0 294 0 99.1
la 768 98.7 98.8 96.5 0 0 99.2
1b 345 97.1 98.6 980 954 0 98.8
2 74 100 100 95.9 0 514 98.6
2a 22 100 100 86.4 0 0 100
2b 39 100 100 100 0 97.4 97.4
3 98 100 100 100 0 0 100
3a 75 100 100 100 0 0 100
4 26 100 100 100 0 0 100
4a 12 100 100 100 0 0 100
5 21 100 100 100 0 0 100
6 55 98.2 94.5 100 9.4 0 98.2
6a 19 100 100 100 947 0 100
Total 1,393 98.5 98.8 973 274 27 99.1

“ n, number of sequences.

Production of HCVpp and neutralization assay. HCVpp were produced as
described previously (3, 48) with plasmids kindly provided by B. Bartosch and
F. L. Cosset (INSERM U758, Lyon, France). Plasmids encoding native or mu-
tated HCV envelope glycoproteins of genotype la (H strain) were used to
produce HCVpp (24). Our H strain sequence corresponds to accession number
AAB67037 with the following amino acid changes: R564C, V566A, and G650E.
Supernatants containing the pseudotyped particles were harvested 48 h after
transfection and filtered through 0.45-pm-pore-size membranes. Neutralization
assays were performed by preincubating HCVpp and antibodies for 2 h at 37°C
before contact with target cells. After 3 h of contact with HCVpp, the cells were
further incubated for 48 h with Dulbecco’s modified essential medium containing
10% fetal bovine serum before measuring the luciferase activities as indicated by
the manufacturer (Promega). Student’s ¢ test was used to compare percentages
of neutralizing activities between wild-type and mutant HCVpp. It was found
that, by using the antibodies purified from infected patients at concentrations
indicated in Table 1, the neutralizing activities on the wild type ranged between
36 and 59%. The significance threshold P was set to 0.01. The results were also
confirmed using the nonparametric test of Mann-Whitney.

E1
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RESULTS

Conservation of the potential glycosylation sites in HCV
envelope glycoproteins. We have previously reported that the
potential glycosylation sites in the HCV envelope proteins are
highly conserved (25). Since the number of HCV envelope
protein sequences has recently increased, we updated our anal-
ysis. As previously observed, E1 contains conserved potential
N-glycosylation sites at positions 196 (N1), 209 (N2), 234 (N3),
and 305 (N4) on the polyprotein (Table 2, Fig. 1). All of the
conserved sites have been shown to be occupied by glycans
(43). An additional potential glycosylation site was observed at
position 250 or 299 in El from a limited number of HCV
genotypes. Indeed, the glycosylation site at position 250 was
present in E1 from genotypes 1b and 6, whereas the site at
position 299 was present only within E1 from genotype 2b. The
site at position 299, which has been reported in another recent
study (71), was not identified in our previous study due to the
small number of sequences available for genotype 2b at the
time of our analysis. The role of the glycosylation sites 250 and
299 in E1 from their specific genotypes remains to be deter-
mined. As previously observed for E2, 9 of the 11 glycosylation
sites were conserved in E1 from all the genotypes analyzed
(positions 417 [N1], 423 [N2], 430 [N3], 448 [N4], 532 [N6], 556
[N8], 576 [N9], 623 [N10] and 645 [N11] on the polyprotein;
Table 3, Fig. 1). The site at position 476 (N5) was less con-
served and was absent in some subtypes; however, the small
number of sequences available does not allow a definitive con-
clusion. In agreement with our previous study, the site at po-
sition 540 (N7) was absent in genotype 3-encoded and the
majority of genotype 6-encoded protein sequences. It is worth
noting that the 11 glycosylation sites on E2 have been shown to
be occupied by glycans (24). Altogether, these results demon-
strate the conserved nature of most potential glycosylation
sites in the HCV envelope glycoproteins, suggesting that the
glycans have an important function(s) in the HCV life cycle.

Mutation of specific N-linked glycans in E2 increases the
sensitivity of HCVpp to neutralization by antibodies from
HCV-seropositive patients. Several viruses have been reported

N4
(305)
353 383
N9 N10  N11
(576) (623)  (645)

718 746

FIG. 1. Schematic representation of N-glycosylation sites in HCV glycoproteins E1 and E2. The mutants are named with an N followed by a
number relating to the position of the glycosylation site in the sequence. The numbers in parentheses correspond to the positions of the
glycosylation sites in the polyprotein of reference strain H (GenBank accession no. AF009606). Epitopes recognized by MAbs 9/27, 3/11, and 1/39
are indicated as dark boxes. Amino acid residues 523, 530, and 535, involved in the formation of the conformation-dependent epitope of H48, are
indicated as black bars. Residues 420, 437, 438, 441, 442, 527, 529, 530, and 535, involved in CD81 binding (14, 49), are indicated by arrows. TMD,

transmembrane domain.
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TABLE 3. Percent conservation of the potential glycosylation sites in HCV envelope protein E2 in the most represented genotypes

% Conservation at site:

Genotype “
P 417 (N1) 423 (N2) 430 (N3) 448 (N4) 476 (N5) 532 (N6) 540 (N7) 556 (N8) 576 (N9) 623 (N10) 645 (N11)
1 294 99.7 100 98.3 98.0 39.1 97.6 98.3 99.3 98.6 99.7 99.7
la 77 100 100 98.7 98.7 97.4 90.9 100 100 100 100 100
1b 213 99.5 100 98.1 97.7 17.8 100 97.7 99.5 98.6 99.5 99.5
2 51 100 100 98.0 100 88.2 100 100 96.1 100 100 98.0
2a 21 100 100 95.2 100 90.5 100 100 95.2 100 100 100
2b 25 100 100 100 100 92.0 100 100 96.0 100 100 96.0
3 68 100 98.5 100 100 98.5 97.1 0 86.8 98.5 98.5 100
3a 66 100 98.5 100 100 100 97.0 0 86.4 98.5 98.5 100
4 9 100 100 100 100 88.9 100 100 100 100 100 100
4a 8 100 100 100 100 87.5 100 100 100 100 100 100
5 2 100 100 100 100 0 100 50 100 100 100 100
6 27 100 100 96.3 100 85.2 100 3.7 100 96.3 100 100
6a 15 100 100 100 100 100 100 0 100 100 100 100
Total 451 99.8 99.8 98.4 98.7 57.2 98.0 77.8 97.1 98.7 99.6 99.6

“n, number of sequences.

to evade the immune system by masking immunodominant
epitopes by glycosylation (1, 17, 53, 55, 58, 66). Here, we
wanted to analyze whether a similar mechanism is observed for
HCV. To this end, we purified antibodies from the sera of
individuals chronically infected with HCV genotype la (Table
1) and evaluated their neutralizing activities for wild-type and
mutant HCVpp (strain H). Serum antibodies from 10 unin-
fected individuals were used as controls. As expected, antibod-
ies purified from uninfected individuals had no effect on
HCVpp infectivity (data not shown). To identify differences in
the neutralizing activity of antibodies between wild-type and
mutant HCVpp, we determined the concentration of antibody
required to neutralize HCVpp infectivity by approximately
50% (ECs). Antibodies from 19 patients neutralized HCVpp
with an ECs, of between 1 and 30 pg/ml (Table 1). These
neutralizing antibodies were screened for their ability to neu-
tralize HCVpp expressing wild-type or variant envelope glyco-
proteins containing mutations at individual glycosylation sites.
Indeed, if a glycan reduces the access of a neutralizing anti-
body to its epitope, a mutant lacking this glycan is expected to
be more sensitive to neutralization by this antibody. The rela-
tive infectivities of the various glycosylation mutants have been
reported previously (24) (see the Fig. 2 legend). All mutants
showing a level of infectivity of at least 15% of that of the wild
type were used in these experiments. Since E2N2, E2N4,
E2NS, and E2N10 mutants were noninfectious (24), we could
not evaluate their phenotype in this assay. To compare the
neutralizing activities of antibodies for wild-type and mutant
HCVpp, we determined the ratio of the percentage of neutral-
ization of HCVpp mutants to that of the wild type.

The average ratios of neutralization were 1.06, 1.05, 0.89,
and 0.94 for mutants EIN1, EIN2, EIN3, and E1N4, respec-
tively (Fig. 2A and Table 4), indicating that there is no signif-
icant increase in neutralizing activities between E1 mutant and
wild-type HCVpp. As shown in Fig. 2B, incorporation of El1,
E2, and CA proteins into HCVpp was similar to what has been
previously observed for these mutants (24). Indeed, the levels

of incorporation of E2 and CA into HCVpp were similar for
each mutant, whereas E1 incorporation into HCVpp was dra-
matically reduced for the EIN1 mutant and was reduced to a
lesser extent for the EIN4 mutant. The very low level of in-
corporation of EIN1 into HCVpp suggests that the density of
functional E1 on pseudoparticles that is required for infectivity
is rather low. Together, these data suggest that the N-linked
glycans of E1 do not contribute to the masking of neutralizing
epitopes.

In contrast to what was found for the E1 mutants, differ-
ences in neutralizing activities of antibodies between mutant
and wild-type HCVpp were observed for some E2 mutants
(Fig. 2C and Table 4). Compared to that for wild-type parti-
cles, the average ratios of neutralization were 1.60, 1.50, and
1.61 for E2N1, E2N6, and E2N11 mutants, respectively, indi-
cating that HCVpp containing glycosylation mutants E2NI,
E2N6, or E2N11 were significantly more sensitive to neutral-
ization by all the serum antibodies tested. Mutant E2N9 was
also significantly more sensitive to neutralization, but the effect
was less pronounced. It is worth noting that, when analyzed
individually, all the patients’ antibodies had similar neutraliz-
ing activities against each of the mutants E2N1, E2N6, and
E2N11. Dose-response curves confirmed the increased sensi-
tivity to neutralization for mutants E2N1, E2N6, and E2N11
compared to that for the wild type (Fig. 2E, patient 12). These
data suggest that glycans at positions E2N1, E2N6, and E2N11
reduce the accessibility of antibodies to some neutralizing
epitopes on the E2 glycoprotein. Interestingly, mutants E2ZN5
and E2N7 were significantly more resistant to neutralization
(Fig. 2C and Table 4). This effect is likely due to a local
conformational change which reduces the affinity of neutraliz-
ing antibodies for the E2 glycoprotein. As described previously
(24), similar amounts of E2 glycoproteins incorporated into
HCVpp were observed for each infectious mutant except for
mutant E2N7 (Fig. 2D), indicating that the increase of sensi-
tivity to neutralization was not due to a difference in the
amount of antigen available. Together, these results indicate
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FIG. 2. Effect of the mutation of N-linked glycans of HCV enve-
lope glycoproteins on the sensitivity of HCVpp to neutralization by
antibodies from genotype la HCV-seropositive patients. (A and C)
Neutralization assays were performed by preincubating HCVpp glyco-
sylation mutants or wild-type HCVpp (wt) with antibodies purified
from patient sera at a concentration which inhibits wild-type HCVpp
infectivity by approximately 50% (see Table 1) for 2 h at 37°C before
incubation with target cells. After 3 h of contact with pseudoparticles,
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TABLE 4. Effect of the mutations of N-linked glycans of HCV
envelope glycoproteins on the sensitivity of HCVpp to
neutralization by antibodies from genotype 1a
HCV-seropositive patients

Mutant Ratio® SD Pt
EIN1 1.06 0.19 0.221
EIN2 1.05 0.19 0.253
EIN3 0.89 0.17 0.007
E1IN4 0.94 0.25 0.309
E2N1 1.60 0.24 <0.0001
E2N3 0.96 0.17 0.330
E2N5 0.82 0.17 <0.0001
E2N6 1.50 0.21 <0.0001
E2N7 0.39 0.17 <0.0001
E2N9 1.12 0.15 0.002
E2N11 1.61 0.24 <0.0001

“ Average of ratios (percentage of neutralization of mutant/percentage of
neutralization of wild type).

b Student’s ¢ test was used to compare percentages of neutralizing activities
between wild-type and mutant HCVpp.

that E2N1, E2N6, and E2N11 glycans contribute to the mask-
ing of neutralizing epitopes on E2. Since these three glycans
are not close to each other on the primary sequence, they may
partially mask several conserved neutralizing epitopes located
on different regions of E2. Alternatively, it is possible that, on
the folded E2 protein, these three glycans are located in the
same region.

Mutation of glycosylation sites at positions 417 (N1), 532
(N6), and 645 (N11) in E2 increases the sensitivity of HCVpp
to MAb neutralization. To investigate whether the glycans at
positions 417 (N1), 532 (N6), and 645 (N11) contribute to the
masking of several distinct epitopes, we tested the neutralizing
activities of a series of MAbs (9/27, 3/11, 1/39, H48, H54,
CBH-5, and CBH-7) against HCVpp bearing E2 glycosylation
mutants. Epitopes recognized by MAbs 9/27, 3/11, and 1/39 are
located at positions 396 to 407 (i.e., HVR1), 412 to 423, and
432 to 443, respectively (22, 31) (Fig. 1), whereas MAbs H48,
H54, CBH-5, and CBH-7 recognize conformation-dependent
epitopes (27, 48). CBH-5 and CBH-7 are specific to epitopes
representing two distinct immunogenic domains (33, 34), and
amino acid residues 523, 530, and 535 have been shown to be
involved in the formation of the H48 epitope (49) (Fig. 1). As
observed with antibodies from HCV-infected patients, HCVpp

cells were further incubated for 48 h before measuring luciferase
activity. Results are expressed as the ratios of the percentages of
neutralization of HCVpp mutants to that of the wild type. Each point
corresponds to the ratio for one batch of neutralizing antibodies. The
black bars correspond to the mean ratios. In a representative experi-
ment, infectivities of the glycosylation mutants in relative light units
were 31.8 X 10° (wt), 6.4 X 10° (EIN1), 4.6 X 10° (E1IN2), 33.2 X 10°
(EIN3), 4.7 x 10° (EIN4), 17.7 X 10° (E2N1), 27.8 X 10° (E2N3),
29.0 X 10° (E2N5), 21.1 X 10° (E2N6), 20.3 X 10* (E2N7), 28.9 x 10°
(E2N9), and 8.9 x 10* (E2N11). (B and D) Particles were pelleted
through 30% sucrose cushions and analyzed by Western blotting using
anti-E1 (A4), anti-E2 (3/11), and anti-CA to check the amount of each
incorporated protein. (E) Neutralization assays were performed with
various concentrations of antibodies (Ab) from a representative pa-
tient (patient 12). Results are expressed as percentages of infectivity
compared to infection in the absence of antibodies.
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FIG. 3. Effect of the mutation of N-linked glycans of HCV envelope glycoproteins on the sensitivity of HCVpp to neutralization by MAbs.
(A) Neutralization assays were performed by preincubating HCVpp glycosylation mutants or wild-type HCVpp (wt) with MAb 9/27, 3/11, 1/39,
H48, H54, CBH-5, or CBH-7 (black histograms) at a concentration which inhibits wild-type HCVpp infectivity by approximately 50% (0.3, 5.5, 6.5,
0.3, 0.6, 30, and 10 pg/ml for 9/27, 3/11, 1/39, H48, H54, CBH-5, and CBH-7, respectively) for 2 h at 37°C before contact with target cells. After
3 h of contact with pseudoparticles, the cells were further incubated for 48 h before measuring luciferase activity. In a parallel experiment,
inhibition of entry was tested with cyanovirin-N (CV-N; 0.05 wg/ml) (white histogram), which was used as a control to determine the sensitivity
of the glycosylation mutants to another inhibitor of virus entry. Results are expressed as the ratios of the percentages of neutralization of HCVpp
mutants to that of the wild type and are reported as the means =+ standard deviations of three independent experiments. (B) Neutralization assays
were performed with various concentrations of MAbs 9/27 and 1/39. Results are expressed as percentages of infectivity compared to infection in
the absence of antibodies and are reported as the means of three independent experiments.

containing glycosylation mutant E2N1, E2N6, or E2N11 were
more sensitive to neutralization by MAbs 3/11, 1/39, H48, H54,
CBH-5, and CBH-7 (Fig. 3A). These results were confirmed in
dose-response curve analyses (Fig. 3B, MAb 1/39). Similarly to
what was observed with antibodies from HCV-positive sera, an
~1.5-fold increase in percentages of neutralization was ob-
tained when MAbs 3/11, 1/39, CBH-5, and CBH-7 were tested
against E2N1, E2N6, and E2N11 mutants. The effect was less
pronounced for MAb H54, indicating that this antibody might

be less affected by these glycans. Interestingly, MAb H48 had
an effect similar to that of MAbs 3/11, 1/39, CBH-5, and
CBH-7 on E2N1 and E2N6 mutants; however, the effect was
less pronounced for the E2N11 mutant. This suggests that the
H48 epitope might be closer to E2N1 and E2N6 glycosylation
sites than the E2N11 site. The lectin cyanovirin-N, which binds
to glycans on HCV particles and inhibits virus entry (29), was
used as a positive control in our neutralization experiments. It
is worth noting that the lack of glycan at position E2N1, E2N6,
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or E2N11 had no effect on the inhibition of HCVpp entry by
cyanovirin-N (Fig. 3A), confirming that the observed effect of
these mutations on the neutralizing activity of the tested MAbs
was not due to differences in the levels of E2 incorporation into
pseudoparticles (Fig. 2D). MAb 9/27 had almost the same
neutralizing activity against E2N1, E2N6, and E2N11 mutants
as against wild-type HCVpp (Fig. 3A and B), and similar re-
sults were obtained with MAb 3C7, another neutralizing MAb
directed against HVRI1 (data not shown). These results indi-
cate that the epitopes recognized by MAbs 3/11, 1/39, H48,
H54, CBH-5, and CBH-7 are similarly affected by glycans at
positions E2N1, E2N6, and E2N11, suggesting that they are
located in the same region of the tridimensional structure of
E2. In contrast, epitopes of 9/27 and 3C7, which are located in
HVRYI, are likely located outside of the region delimited by the
glycans at positions E2N1, E2N6, and E2N11. As observed
with antibodies from HCV-infected patients, HCVpp contain-
ing glycosylation mutant E2N7 were more resistant to neutral-
ization by all the MADs tested (Fig. 3A). This observation
reinforces the hypothesis of a local conformational change
induced by this mutation, which reduces the affinity of neutral-
izing antibodies for the E2 glycoprotein. This hypothesis may
also explain the lower level of neutralization of mutant E2N5,
as observed for some MAbs. Together, these data indicate that
mutation of glycosylation sites at positions 417 (N1), 532 (N6),
and 645 (N11) in E2 increases the sensitivity of HCVpp to
neutralization by MAbs whose epitopes are located outside of
HVRI.

Mutation of glycosylation sites at positions 417 (N1), 532
(N6), and 645 (N11) in E2 increases the sensitivity of HCVpp
to inhibition by CD81-LEL. In contrast to MAb 9/27, MAbs
3/11, 1/39, H48, H54, CBH-5, and CBH-7 have been reported
to inhibit E2 binding to a soluble form of the extracellular loop
of CDS81 (CDS81-LEL) (13, 22, 27, 31), suggesting that their
epitopes are close to the CD81-binding domain on E2. We
therefore wanted to investigate whether glycans at positions
E2N1, E2N6, and E2N11 can also affect the interaction be-
tween HCVpp and CD81. Since HCVpp infectivity can be
inhibited by CD81-LEL (31), we used the same approach as
above to determine the effect of glycans on the E2-CD81
interaction. Indeed, if a glycan reduces the access of CD81 to
its binding region on E2, a mutant lacking the corresponding
glycan is expected to be more sensitive to inhibition by CD81-
LEL. As observed with MAbs 3/11, 1/39, H48, H54, CBH-5,
and CBH-7, HCVpp containing glycosylation mutant E2N1,
E2N6, or E2N11 were more sensitive to inhibition by CD81-
LEL (Fig. 4A and B). The lower level of inhibition of mu-
tants E2N3, E2NS, and E2N7 might be explained by a local
conformational change induced by the mutations, as dis-
cussed above. Altogether, our data suggest that, in the con-
text of HCVpp, the glycans at positions E2N1, E2N6, and
E2N11 modulate both CD81 and neutralizing antibody
binding to E2.

Identification of conserved amino acids close to glycosyla-
tion sites E2N1, E2N6, and E2N11. The first neutralizing
epitopes on HCV envelope glycoproteins described were
found within HVRI1 (21). However, HVR1-specific neutraliz-
ing antibodies are isolate specific and are hardly effective
against more than one inoculum. On the other hand, some
studies pointed out the probable existence of additional neu-
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FIG. 4. Effect of the mutation of N-linked glycans of HCV enve-
lope glycoproteins on the sensitivity of HCVpp to inhibition by CD81-
LEL. (A) Inhibition assays were performed by preincubating HCVpp
glycosylation mutants or wild-type HCVpp (wt) with CD81-LEL at a
concentration which inhibits wild-type HCVpp infectivity by approxi-
mately 50% (0.75 wg/ml) for 2 h at 37°C, before contact with target
cells. After 3 h of contact with pseudoparticles, the cells were further
incubated for 48 h before measuring the luciferase activity. Results are
expressed as the ratios of the percentages of inhibition of HCVpp
mutants to that of the wild type and are reported as the means *=
standard deviations of three independent experiments. (B) Inhibition
assay performed with various concentrations of CD81-LEL. Results
are expressed as percentages of infectivity compared to infection in the
absence of antibodies and are reported as the means of three inde-
pendent experiments.

tralizing epitopes elsewhere in the E2 glycoprotein by describ-
ing antibodies with a broader neutralizing activity (2, 35, 44).
Our results suggest that a neutralizing region outside of HVR1
may be partially masked by glycans at positions E2N1, E2N6,
and E2N11. To extend the above findings, we investigated the
variability of neighborhoods of glycosylation sites E2ZN1, E2N6,
and E2N11 by using multiple alignment of sequences to iden-
tify conserved amino acids likely essential for the structure
and/or function of E2. Based on these alignments, we derived
the amino acid repertoire shown in Fig. 5, which lists the
various amino acids observed at every position of the E2 se-
quence in decreasing order of frequency. It is worth noting that
the sequences derived from the HCV infecting the 19 patients
in this study were derived by PCR amplification and direct
sequencing of PCR products and thus will provide only the
sequence of the most frequently observed quasispecies. The
comparison of the amino acid repertoire of the main quasispe-
cies of the 19 patients studied in this report with that of 447
sequences of genotype la available in the euHCVdb database
allowed us to establish a consensus hydropathic pattern, which
highlights the conservation of the physicochemical features
of each sequence position despite the variability of residues
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FIG. 5. Conservation of sequences close to glycosylation sites
E2N1, E2N6, and E2N11. The amino acid repertoires of E2 sequence
segments including glycosylation sites N1 (417), N6 (532), and N11
(645), deduced from the multiple alignment sequences from the vari-
ous patients studied in this report (19 sequences, top), 447 sequences
from genotype la extracted from the euHCVdb database (middle),
and 26 representative sequences from confirmed HCV genotypes/sub-
types (listed in reference 57) (bottom) are shown. Amino acids are
listed in decreasing order of observed frequencies (symbolized with
black triangles), from bottom to top for the 19 patient sequences and
from top to bottom for the 447 sequences from genotype 1a and the 26
representative sequences from confirmed HCV genotypes/subtypes.
The undetermined residues (denoted “X” in the patient sequences)
were not reported in the corresponding repertoire. The consensus
hydropathic pattern (50) for genotypes deduced from these repertoires
(bottom of the panel) is indicated as follows: o, hydrophobic residue
F, I, W, Y, L, V, M, P, C, A); n, neutral residue (G, T, S); i,
hydrophilic residue (K, Q, N, H, E, D, R); v, variable position (i.e.,
when the three classes of residues are observed at a given position).
The fully conserved residues are indicated by their single-letter code.
For sequences from genotype 1la, the degree of conservation is also
highlighted by the similarity index according to Clustal W convention
(asterisk, invariant; colon, highly similar; dot, similar) (60). For the
repertoire of 447 sequences from genotype la, the least frequently
observed residues at each position (i.e., less than twice) were not
reported, as they may be due to PCR and/or sequencing errors
and/or sequencing of defective viruses. The positions 420, 527, 529,
530, 535, recently reported to be critical for CD81 binding (49), are
shaded in gray.

observed (50). Each position was classified as hydrophobic,
hydrophilic, neutral, or variable, according to the nature of
residues observed at this position (see the Fig. 5 legend for
details). Figure 5 highlights the full conservation of specific
residues adjacent to the potential E2N1, E2N6, and E2N11
glycosylation sites. This conservation can be extended to the
corresponding positions in E2 encoded by HCV of any ge-
notype for some residues, as shown by the hydropathic pat-
terns (S419-W420-H421 around site E2N1; G530 and D535
around site E2N6; and A643-C644-N645, T647, and G649
around site E2N11). Importantly, some of these residues
have been reported to be essential for CD81 binding (Fig.
5). Such conservation across genotypes supports the essen-
tial role of these residues for E2 structure and/or function.

DISCUSSION

N-linked glycosylation is the major modification of a nascent
protein targeted to the secretory pathway. In the early secre-
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tory pathway, glycans play a role in protein folding, quality
control, and certain sorting events. Viral envelope proteins
usually contain N-linked glycans that can play a major role in
their folding, in their entry functions, or in modulating the
immune response (28, 46, 47, 61, 64, 66). HCV envelope pro-
teins E1 and E2 are highly glycosylated, and some glycans
present on these proteins have been shown to play an essential
role in protein folding and/or HCV entry (9, 24). However,
their role in modulating the neutralizing antibody response has
never been studied to date. Here, we investigated whether the
glycans associated with HCV envelope glycoproteins modulate
the neutralizing activity of anti-HCV antibodies. Our data
demonstrate that at least three glycans on E2 (denoted E2N1,
E2N6, and E2N11) reduce the sensitivity of HCVpp to anti-
body neutralization. Furthermore, these three glycans reduced
the access of CD81 to its E2 binding site. Together, these data
indicate that glycans E2N1, E2N6, and E2N11 are close to the
binding site of CD81 and indicate that this region is a major
target of neutralizing antibodies.

Modulation of the humoral immune response by glycans has
been observed for HIV gp120, another highly glycosylated
envelope protein. Interestingly, it has been shown that the
appearance and repositioning of glycans on gp120 limit recog-
nition by neutralizing antibodies and allow the generation of
escape variants (66). In their paper, Wei et al. have shown that,
individually, mutations of glycosylation sites on the HIV enve-
lope glycoprotein could modify the ECs, of neutralizing anti-
bodies by 1.2- to 2.6-fold. Similar effects were observed for
HCV mutants lacking a glycan at position E2N1, E2N6, or
E2N11. In addition, for HIV, simultaneous deletions of several
glycans could modify the EC;, of neutralizing antibodies by
more than 100-fold (66). Unfortunately, in contrast to HIV,
deletion of several glycans strongly affected the infectivity of
HCVpp. For this reason, double-glycosylation mutants
E2N1N6, E2N1N11, and E2N6N11 could not be used in neu-
tralization studies (F. Helle et al., unpublished data). In con-
trast to what has been observed for HIV, potential glycosyla-
tion sites on HCV envelope glycoproteins are highly conserved
and shifting sites are seldom observed (71) (Tables 2 and 3). In
particular, glycosylation sites E2N1, E2N6, and E2N11, which
protect the CD81 binding site from neutralization, are highly
conserved (99.8%, 98.0%, and 99.6%, respectively; Table 3).
This high level of conservation is likely due to other roles
played by these glycans. The high level of conservation of most
other glycans on HCV envelope proteins is also likely due to
their role in folding and/or entry (e.g., E2N2, E2N4, E2NS, and
E2N10) (24).

Regions of envelope proteins interacting with a receptor or
coreceptor represent an Achilles’” heel for a virus because, due
to their accessibility for interaction with a cellular partner, they
are also potentially more exposed to the humoral immune
response. To circumvent this problem, viruses have adapted by
reducing the effect(s) of neutralizing antibodies without mod-
ulating their interaction(s) with cellular receptors or corecep-
tors. HCV envelope glycoproteins present at least two regions
that are accessible to neutralizing antibodies: HVR1 and the
CDS81 binding region. Due to their role in HCV entry, both
regions need to be accessible for interactions with cellular
partners (7, 10). To avoid being eliminated too rapidly by
neutralizing antibodies, HCV seems to have adapted two ways
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depending on the region involved. In the case of HVR1, due to
the low level of sequence constraints in this region, the virus
can escape neutralizing antibodies by the rapid selection of
mutants. For the CD81 binding site, our data indicate that
maintaining glycans close to this region is another way for
HCV to avoid being eliminated too rapidly. However, the
latter strategy may have a cost for the virus because it reduces
the accessibility of E2 to CD81. It is indeed interesting that an
adaptive mutation of the JFH-1 isolate to cell culture is the loss
of the glycan at position E2N6 (D. Delgrange, A. Pillez, S.
Castelain, L. Cocquerel, Y. Rouillé, J. Dubuisson, T. Wakita,
G. Duverlie, and C. Wychowski, unpublished data). However,
while the presence of a glycan may decrease the kinetics of
receptor binding, its intrinsic flexibility is not expected to pre-
vent this binding. Finally, the presence of glycans surrounding
the CDS81 binding site may explain how the lectin cyanovirin-N
inhibits HCV entry (29).

In the absence of a three-dimensional structure, it is difficult
to have a clear idea of the organization of functional domains
on the surface of E2. Although a predictive model has been
proposed for E2 (68), this model does not appear to be reli-
able. Typically, the glycosylation sites which were buried in this
model (E2N2, E2N7, and E2N11) are actually modified by
N-linked glycans (24). Our data suggest that the CD81 binding
region is close to glycosylation sites E2N1, E2N6, and E2N11.
In agreement with this hypothesis, a recent study aimed at
identifying conserved residues involved in CD81 interaction
showed that amino acids W420, Y527, W529, G530, and D535
are critical for CD81 binding (49). Indeed, glycosylation sites
E2NT1 (at position 417) and E2N6 (at position 532) are close to
amino acid W420 and to amino acids W529, G530, and D535,
respectively. In addition, the observation that the glycan at
position E2N11 affects CD81 binding suggests that other res-
idues of E2 located close to this glycosylation site may also be
involved in the interaction with CD81. The full conservation of
some amino acids close to these glycosylation sites, as observed
in Fig. 5, points to an essential role of these residues for the
HCV life cycle, potentially for its binding to CD81.

Glycans associated with HCV envelope proteins reduce
the accessibility of the protein moiety. Indeed, one-third of the
molecular weight of the E1E2 heterodimer corresponds to
glycans. In addition, if these envelope proteins have a folding
pattern similar to class II fusion proteins, as currently thought
(51), the proteins should lie flat on the surface of the particle
and the glycans should be concentrated on the upper face of
the protein. In contrast to HCV, HIV gp120 forms protruding
spikes (70), and folding into spikes leads to the exposure of a
larger surface to accommodate the presence of a large number
of glycans. Interestingly, it has been proposed that gp120 pre-
sents an immunologically “silent face,” which consists of
heavily glycosylated regions of gp120 that may appear as self to
the immune system (67). Taking into account the size of one
glycan, one can also suppose that the presence of a large
concentration of glycans on the surface of an HCV particle
could limit the immunogenicity of the envelope proteins. This
may explain why it is difficult to elicit an antibody response to
E1 when immunizing mice with E1E2 heterodimers (A. Pillez
and J. Dubuisson, unpublished data). This is in keeping with
the observation that mutation of the fourth glycosylation site of
E1 (N4) enhances the anti-E1 humoral response in terms of
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both seroconversion rates and antibody titers (23). Together,
these data suggest that, as observed for gp120, HCV envelope
glycoproteins contain immunologically silent regions.

Since HCV is a virus that is well adapted to its human host,
one can assume that the high level of glycosylation of the
envelope glycoproteins is likely the result of a long period of
selection to reach a compromise between receptor binding site
conservation and limitation of the immunogenicity of the re-
ceptor binding site(s). Two mechanisms have already been
proposed to explain the ability of HCV to persist in the pres-
ence of neutralizing antibodies, i.e., a rapid evolution through
point mutations (6, 20, 26, 32, 59, 63) and an attenuation of
neutralization due to an acceleration of entry by high-density
lipoproteins (4, 13, 62). Here, we show that glycans on E2
reduce the sensitivity of HCVpp to antibody neutralization.
This new mechanism likely represents an additional strategy
for HCV to evade the humoral immune response. Interest-
ingly, this mechanism could be exploited for the development
of new antiviral drugs targeting HCV entry, as suggested by the
observation that the lectin cyanovirin-N inhibits HCV entry by
blocking the interaction between E2 and CD81 (29).
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